A commercial 6061 aluminum alloy bar was partially reinforced using a high-frequency induction heating apparatus. One end of the bar was locally heated for solution treatment (local solution treatment). The power supplied to a heating coil was adjusted based on the surface temperature of the bar, which was measured using a radiation thermometer. The temperature profiles and hardness distributions in the longitudinal direction were investigated after the local solution treatment. The results of this study are as follows. The local solution treatment achieved a rapid heating rate of 80 K/s, overheating of about 2 K at the temperature transition stage from the heating to holding process, and a small-scale temperature fluctuation (below «8 K) in the holding process. The reproducibility of the temperature profile during the local solution treatment was also sufficient. An increase in the hardness was achieved from solution treatment at 723 K or more. A holding time of 5 min or more was not very important for increasing in the hardness. The partial reinforcement of a 6016 aluminum alloy bar can be realized by applying an induction heating apparatus.
Introduction
The hardness and strength of many machine parts such as gears, bearings, and turbine blades may be increased by heat treatment. However, partial strengthening may be more desirable to maintain the toughness, rather than overall strengthening of the products. For heat treatable aluminum alloys, local heat treatment at solution temperatures has been considered to be a useful technique for partial reinforcement. Such local heat treatments are also expected to reduce the quenching distortion, energy consumption and production cost, as well as improve the wear resistance and fatigue properties. Induction heating, a laser, or a flame is commonly used for this local heating. In the laser method, the application of a CO 2 laser to the local softening of 1070 aluminum alloy has been reported. 1, 2) An improvement in the formability as a result of local heating by the CO 2 laser was also observed for steel sheets.
3) Moreover, the wear resistance of AlSi alloy products was improved by a surface melting treatment using a CO 2 laser. 4, 5) In the case of the flame method, the surface hardness of 12%Cr steel was increased from 250 HV to 420550 HV by flame hardening. 6, 7) After flame hardening treatment, cast iron also showed a superior wear resistance. 8) For the induction heating method, the ductility of a 1070 aluminum alloy sheet was improved as a result of local heat treatment using induction heating.
9) The effect of partial heat treatment using induction heating on the distribution of the residual stress has also been reported for S45C steel bars. 10) The dieless forming of pipe materials by local induction heating has been applied for cost reduction.
11 ) The fatigue strength of a low carbon steel pipe was also improved by applying local induction heating. 12) As mentioned above, there have been many studies on the local heat treatment of steel, as compared to aluminum alloys. In particular, studies on the heat treatment of aluminum alloys using induction heating are limited. This may be because the heating efficiency of aluminum alloy products using conventional induction heating apparatus is insufficient. In addition, because a conventional thermocouple cannot be used because of the magnetic fields generated by the induction heating coil and the emissivity of aluminum alloys is unstable for temperature measurement using a radiation thermometer, it is difficult to measure the temperature of an aluminum alloy during heating by induction heating apparatus. Our previous study 13) showed that aluminum alloy bars with a 10-mm diameter can be heated efficiently using the induction heating apparatus with a higher frequency (2 MHz) than a conventional induction heating apparatus (less than 400 kHz). Furthermore, surface coating of the aluminum alloy with a black spray also leads to precision temperature measurement using a radiation thermometer. These experimental results suggest that combining a radiation thermometer and the induction heating apparatus with a high frequency of 2 MHz will enable the accurate and efficient heat treatment of aluminum alloys.
In particular, precise local heating using an induction coil may be expected.
In this work, a commercial 6061 aluminum bar was locally heated using the induction heating apparatus having a frequency of 2 MHz, with the objective of confirming the possibility of partial reinforcement. The heating states were examined in terms of the temperature profiles and hardness distributions in the longitudinal direction of the bars. The effects of the holding times and heating rates during local heating on the hardness distribution were also investigated.
Experimental
The material used in this study was an extruded bar of commercial A6061-T6 aluminum alloy (10 mm in diameter, 150 mm in length). Before the local heating using the induction heating apparatus, the samples were subjected to over-aging treatment (688 K for 2 h) using an electrical furnace to adjust them to almost the same states of precipitation (as-annealed). Figure 1 is a schematic diagram showing the arrangement of the specimen, induction heating coil, radiation thermometer, thermograph and cooling water bath. The frequency and power of the induction heating apparatus were 2 MHz and 10 kW, respectively. The surface of the sample was sprayed with a black coating to ensure precise temperature measurement using a radiation thermometer with a measurable temperature range of more than 523 K. Based on a previous study, 13) the emissivity value of the radiation thermometer was set to 0.78 to accurately measure the temperature. The radiation thermometer measured the temperature at the tip of the bar. The tip of the bar was locally heated for the solution treatment (local solution treatment). In this case, the power supply to the heating coil was regulated by the temperature of the tip. The local solution treatment conditions are summarized in Fig. 2 . The temperature distribution in the longitudinal direction of the bar was also measured simultaneously at the side surface of the bar using a thermograph. After the local solution treatment, the bars were quenched in water at room temperature, which was located below the bar. After quenching, the samples were naturally aged for 48 h at room temperature (T4). One of them was artificially aged at 453 K for 8 h using an electric furnace (T6). After the natural/artificial aging, a Vickers microhardness test, electrical conductivity measurement, and microstructure observation were performed. The Vickers microhardness was measured at a load of 100 gf and a holding time of 15 s. The hardness distribution in the longitudinal direction was measured at the central part of a sample. The electrical conductivity was measured using a digital electrical conductivity meter (Autosigma 2000). The samples for optical microscopy observations were prepared using the anodic oxidation method. These measurements and observations were also conducted at the center plane of the bar.
Results

Accuracy and reproducibility of heating state
Because it was difficult to maintain the thermal conduction in the bar and the heat radiation into the air constant, it was necessary to investigate the heating state during the local solution treatment in detail. Therefore, the accuracy and reproducibility of the heating state during the local solution treatment were examined, that is, the temperature profile at the tip and the temperature distribution in the longitudinal direction of the bar were measured repeatedly. First, the heating rate dependence of the temperature profile during the local solution treatment was investigated because temperature control appeared to be difficult at a rapid heating rate. The temperature profiles at heating rates of 80 and 0.8 K/s were measured at the tip of the bar using the radiation thermometer. Figure 3 (a) shows the heating rate dependence of the temperature profile. The enlargements of the temperature profiles immediately after the completion of the temperature rise are shown in Figs. 3(b) and 3(c). Because the measurable lower limit temperature of the radiation thermometer was 523 K, temperatures above 523 K are shown in Fig. 3(a) . A linear rise in the temperature up to the solution treatment temperature during the heating process was confirmed for each heating rate. As the enlargements show, a small-scale overheating (2 K) was achieved during the temperature transition stage from the heating to holding processes. In addition, there was no significant temperature fluctuation (below «8 K) in the holding process. From these results, precision temperature control during the local solution treatment can be achieved using an induction heating apparatus for each heating rate. To check the heat conduction state during the local solution treatment, the temperature distribution in the longitudinal direction of the bar was measured using a thermograph. Figures 4(a) and 4(b) show the temperature distributions at each holding time for the heating rates of 0.8 and 80 K/s, respectively. The temperature distributions of the 0.8 K/s rate were almost the same at every holding time because a sufficient time for thermal conduction was maintained by the very slow heating rate. However, for the heating rate of 80 K/s, heat at the tip of the bar conducted gradually in the longitudinal direction with the lapse of holding time. In particular, significant heat was conducted from 0 to 1 min. These temperature distributions suggest that an effective local reinforcement at the tip of the bar may be realized when the tip is heated rapidly in a short time. To examine the reproducibility of the heating state during the local solution treatment, the temperature distributions in the longitudinal direction were measured five times for the local solution treatment at a holding time of 5 min for Figure 5 shows the temperature difference ¦T between the highest and lowest temperatures, at each position for the five measurements. That is, the values of ¦T show the reproducibility of the heating state. For the heating rate of 0.8 K/s, ¦T increased rapidly from 0 to 10 mm and then saturated at about 7 K. A similar tendency was obtained for the 80 K/s heating rate. However, the saturated value was around 10 K higher than that of 0.8 K/s. The reason for the higher ¦T value with the 80 K/s rate is that the state of the heat conductions in the bar and into the air became unstable with an increase in the heating rate. As the maximum value of ¦T, 17 K, is equivalent to 2% of the solution temperature of 803 K, a comparatively good reproducibility for the heating state can be secured for each heating rate, especially within 10 mm of the tip.
Holding time dependence of hardness distribution
To examine the effect of the holding time on the partial reinforcement, the hardness distribution was measured for specimens that were locally solution treated at the rapid heating rate of 80 K/s. The local solution treatment was conducted at 803 K for various holding times, and then the samples were artificially aged at 453 K for 8 h. Figure 6 shows the Vickers hardness distribution in the longitudinal direction. The hardness near the tip of the bar clearly increased until a holding time of 5 min, but was saturated at about 100 HV with a further increase in time. An approximately similar tendency was also observed in the hardened area. These results suggest that various hardness distributions can be realized by adjusting the holding time. The hardness shown in Fig. 6 was measured at the center of the bar. If the temperature distribution in the radius direction of the bar is steep as a result of the skin effect 14) of the induction heating, the hardness may vary in the radial direction. Figure 7 shows the Vickers hardness distribution in the radial direction. The hardness distribution in the radial direction was measured for a sample that was locally solution treated at 803 K for 1 min and then aged at 453 K for 8 h. As shown in Fig. 7 , there was no significant difference in the hardness distribution in the radial direction at any distance from the tip (Y-position). These hardness distributions suggest that a steep temperature distribution in the radial direction of the bar does not occur because of the good heat conduction of the aluminum alloy, as well as the small sample size.
Heating rate dependence of hardness distribution
As shown in Fig. 4 , the temperature distributions varied with the heating rate, and a sharp distribution of the temperature occurred with rapid heating. Therefore, the heating rate is expected to have a significant influence on the partial reinforcement. To investigate the effect of the heating rate on the partial reinforcement, the hardness distributions for slow and rapid heating rates were measured. Figure 8 shows a comparison of the hardness distributions between the heating rates of 0.8 and 80 K/s. The samples were subjected to local solution treatment at 803 K for 0 min and artificial aging treatment at 453 K for 8 h. The hardness with the 0.8 K/s heating rate was higher than that for 80 K/s, and the hardened area was also extended. The sufficient heat conduction and extension of the time in the high-temperature range with a slow heating rate of 0.8 K/s may result in a higher hardness value, as well as an extension of the hardened area. Although the increase in the hardness at 80 K/s was small, this result also suggests that an increase in the heating rate could produce reinforcement in a narrow area.
Discussion
As mentioned above, the tip of the bar could be partially reinforced using an induction heating apparatus. This partial reinforcement may result from precipitation hardening caused by the local solution treatment followed by the artificial aging treatment. Thus, on the basis of the temperature profiles and electrical conductivities, the state of the solid solution during Fig. 9 . The sample was locally solution treated at 803 K for 10 min at a heating rate of 80 K/s. The temperature increased rapidly in a short time and saturated after additional time. As the position approached the tip of the bar, the increase in temperature became faster and the time required for saturation also became shorter. The saturated temperature at each position decreased with an increase in the distance from the tip. The electrical conductivity at each measurement position was also measured to investigate the relationship between the temperature profile during the local solution treatment and the amount of solid solution. This electrical conductivity measurement was performed for the samples under naturally aged (T4) and artificially aged (T6) conditions. Figure 10(a) shows the electrical conductivity in the T4 condition. For less than 40 mm, the electrical conductivity decreased with an increase in the holding time. Particularly, there was a significant decrease in electrical conductivity within 5 min. In addition, this decrease in electrical conductivity was markedly at a position close to the tip. This change in electrical conductivity suggests that the amounts of solid solute atoms in the matrix increased within 5 min at a position near the tip. Figure 10(b) shows the difference in the electrical conductivities between the T4 condition and T6 condition, ¦IACS% = IACS% T6 ¹ IACS% T4 . The increase in ¦IACS% suggests that the quantity of the solid solute atoms in the matrix decreased as a result of the formation of precipitates during the artificial aging treatment. Although a slightly different change was seen in the 10 min period, ¦IACS% generally increased with an increase in the holding time. For a position within 30 mm from the tip, a significant increase in ¦IACS% was recognized. These changes are in contrast to those for the electrical conductivity during the local solution treatment, as shown in Fig. 10(a) . Therefore, a precipitation hardening can be expected to occur for a position within 30 mm from the tip. It is well known that the temperature and holding time during solution treatment have a significant influence on the mechanical properties. To investigate the relationships between the hardness, temperature, and holding time, the hardness was plotted against the temperature, as shown in Fig. 11 . The hardness and temperature values at each measurement position for various holding times were obtained from Figs. 6 and 9. In Fig. 9 , distances of 3, 10, 15, 20 and 30 mm were selected as typical positions in the longitudinal direction. Similarly, 1, 5, 6, 8 and 10 min in Fig. 6 were chosen as the holding times. Figure 11 shows that a temperature of 723 K or more is necessary to increase the hardness, and a rise in temperature brings about a higher hardness. The hardness increase at each position resulted from the extension of the holding time, while the quantity of hardness increase became lower for a holding time of 5 min or more. A previous report 13) on heat treatment with rapid heating pointed out that a sample must be heated to more than 713 K to increase the mechanical properties. The findings shown in Figs. 6, 9, 10 and 11 are in good agreement with those of the previous study. Namely, temperatures above 723 K made the quantity of solid solution atoms increase, which resulted in precipitation hardening. In addition to the above, it was also shown that a holding time of 5 min or more was less important. To investigate the microstructural features in detail, optical microscope images were observed. Figure 12 shows the cross-sectional microstructures of the samples under the as-annealed and locally solution treated conditions. The local solution treatment was conducted at 803 K for 10 min with a heating rate of 80 K/s, and the microstructure was observed at the positions of 3, 10, 20 and 30 mm. The broken line inserted in the figure indicates the boundary of the grain-growth region and the fine-fibrous grain region. The grain growth in the outer section, which may have been formed in the extrusion process or following the T6 heat treatment, was observed for the as-annealed sample. When the local solution treatment was conducted, the area of grain growth increased at the positions of 3 and 10 mm. However, the state of the grain growth at the positions of 20 and 30 mm was almost the same as the as-annealed sample. From these microstructures and the temperature profiles shown in Fig. 9 , grain growth was promoted in the outer section at about 753 K or more. In contrast, the fibrous grains in the inner section remained in a fine state regardless of the heat treatment. Because the hardness was measured at the center plane of the bar, the hardness distribution shown in Fig. 6 is considered to have resulted from precipitation hardening.
Conclusions
The ability to partially reinforce a heat-treatable aluminum alloy bar was investigated through the application of an induction heating apparatus. The temperature and hardness distributions after local solution treatment were examined. The results of this study are as follows:
(1) Rapid and excellent local heating could be performed for a 6061-aluminum alloy bar using an induction heating apparatus. The local solution treatment achieved a rapid heating rate of 80 K/s, overheating of about 2 K at the temperature transition stage from the heating to holding process, and a small-scale temperature fluctuation (below «8 K) in the holding process. A local solution treatment with good reproducibility could be performed using the induction heating apparatus. (2) Good agreement was found between the temperature profile and hardness. An increase in hardness resulted from a solution treatment at 723 K or more. The holding time of 5 min or more was less important for the increase in hardness. Applying an induction heating apparatus made it possible to partially reinforce a 6016 aluminum alloy bar. 
